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Abstract —This study presents recent advances achieved in 
the use of ground penetrating radar (GPR) for the health 
monitoring of tree root systems. The main objectives of the 
research were to provide an effective and high-resolution 
mapping of the root systems belonging to different species of 
matured trees, as well as to investigate areas of roots 
interconnection. To this purpose, a data processing 
methodology based on three main stages was developed. A pre-
processing algorithm was first proposed to remove noise-related 
information from the raw data and to enhance deep reflections 
from attenuated targets. Afterwards, an algorithm for 
identification of targets (i.e. the vertices of the reflection 
hyperbolas) and their automated tracking in a three-
dimensional environment was developed. A third stage was 
focused on estimating tree root density with emphasis on the 
interconnection area. To test the feasibility of the proposed 
methodology, the soil around two different tree species (i.e. 
maple and ash trees) was investigated using a ground-coupled 
GPR system equipped with a 700 MHz central frequency 
antenna. The method has proven to identify distinctive features 
of both trees, in terms of shallow (i.e. within the first 25 cm from 
the soil surface) and deep (i.e. deeper than 25 cm from the soil 
surface) root systems. In addition, results have allowed to assess 
how different root systems interact with each other. 
Keywords—ground penetrating radar (GPR), tree health 
monitoring, tree roots detection, tree roots interconnection, data 
processing methodology 
I. INTRODUCTION 
Sustainable management of forestry heritage is nowadays 
a crucial task to be pursued among government organisations. 
The focus is mostly on rare, ancient and mature trees, as they 
are a natural and historic asset to be preserved [1]. Within this 
context, the monitoring of tree roots is crucial for identifying 
potential damages and early decays. The estimate of root 
systems architecture is essential for several disciplines, 
ranging from botanic and arboricultural practices to highway 
engineering, dealing with the issue of interference between 
roads and trees. 
Tree roots are usually organised in complex systems, and 
they can be fundamentally distinguished into woody and non-
woody roots. Woody roots have undergone secondary growth, 
resulting in a more rigid structure. These roots have a 
structural role, being mainly responsible for anchoring the tree 
in the ground [2]. Wilson [3] observed that woody roots 
located within one or two meters from the stem (i.e., the so-
called zone of rapid taper) have different features from roots 
located beyond this area. This is related to the considerable 
secondary thickening exhibited by woody roots. Differently, 
woody roots located further from the trunk are also 
responsible for gathering water and nutrients. Their size is 
often influenced by mechanical stress, e.g., the wind load [4]. 
In contrast, non-woody roots, also referred to as fine or 
absorbing roots, are responsible for the absorption of water 
and nutrients [2], the root hormone synthesis and the 
symbiosis with soil microorganisms. These roots are not 
subject to secondary thickening, and they are generally small 
in diameter (<2 mm) with a lifespan ranging from days to 
weeks, depending on soil conditions and temperature [2]. 
Tree roots are responsible for water and minerals uptake, 
carbohydrates storage, and hormonal signalling [2], as well as 
for providing support and anchorage in the ground [5]. 
Therefore, the health of the root system, and consequently the 
health of the tree, is strictly related to the soil environment [6]. 
Hence, root functioning can be compromised in soils where 
the provision of these resources is not sufficient. Moreover, an 
increase in air pollution, together with the advent of unknown 
pathogens carried along by the wind, has led to an increment 
in tree diseases [7]. Such microorganisms can spread rapidly, 
leading to the infection and the death of entire forests [8]. In 
more detail, tree roots can be attacked by parasitic fungi, 
resulting in the loss of the terminal roots, with severe 
consequences on the tree survival [9]. To this effect, proper 
assessment of tree root systems is compulsory to detect early 
decay and carry out effective remedial actions. 
Within this framework, destructive testing methods for 
root detection and mapping mostly reveal as not suitable for 
the assessment of living trees; besides, they are acknowledged 
as costly and time-consuming, and they can provide only local 
information. On the contrary, non-destructing testing (NDT) 
methods are becoming popular for the preservation of natural 
heritage, due to their high productivity and overall reliability 
of the information produced [10]. Among these techniques, 
ground penetrating radar (GPR) is gaining attention in view of 
the high versatility, rapidity of data collection and the 
reliability of results at relatively limited costs. It has been 
extensively used for applications in various disciplines, such 
as archaeological investigations [11], bridge deck analysis 
[12], detection of landmines [13], civil and environmental 
engineering applications [14], and planetary exploration [15]. 
The use of GPR in forestry applications is commonly related 
to the assessment of tree trunks, tree root mapping and the 
evaluation of tree-soil interaction. Regarding the investigation 
of tree roots, the first application of GPR dates back to 1999 
and refers to the mapping of tree root systems [16]. From that 
time onward, research has mostly focused on the assessment 
of root diameter [17], biomass [18], coarseness [19] and 
pattern in urban areas [20]. Moreover, recent studies have 
further investigated the capabilities of GPR in estimating tree 
root system architecture [21, 22]. 
II. AIMS AND OBJECTIVES 
The aim of this research was to demonstrate the potential 
of GPR in providing an effective and high-resolution mapping 
of root systems of different tree species and areas of roots 
interconnection. 
To achieve this aim, the main objective was to develop a 
data-processing methodology for a three-dimensional (3-D) 
visualisation of shallow and deep tree root systems as well as 
for getting information about the density of roots at the 
interconnection area. 
III. METHODOLOGY 
A. The Survey Technique 
The soil between a maple tree (trunk circumference of 1.91 
m and average radius of 0.30 m), and an ash tree (trunk 
circumference of 0.98 m and average radius of 0.156 m), 6.7 
m distant from each another, was investigated (Fig. 1).  
A number of 20 semi-circular scans, located 0.30 m from 
one another, were carried out around a maple tree trunk, 
starting at 0.50 m from the outer surface of the bark. Hence, 
an overall area of 65.43 m2 was covered with an outer radius 
of 6.50 m and an inner radius of 0.80 m. Similarly, 5 circular 
scans, at 0.30 m intervals, were performed all around the ash 
tree circumference starting at 0.80 m from the outer surface of 
the bark. To this effect, an overall area of 11.73 m2 with an 
outer radius of 2.16 m and an inner radius of 0.96 m was 
covered. The survey scheme was arranged to create a common 
area of survey (overall area of 5.37 m2) where potential 
interconnections between the two root systems were 
investigated.  
A ground-coupled GPR system (Opera Duo, IDS 
Georadar), equipped with 700 MHz and 250 MHz central 
frequency antenna was used for testing purposes. Data were 
acquired using a time window of 80 ns and 512 samples.  
The horizontal resolution was set to 3.2 × 10-2 m. In order 
to achieve the highest effective resolution, only the 700 MHz 
frequency was considered for data processing purposes. 
 
Fig. 1. The surveyed area. 
B. The Signal Processing Scheme 
Three main sequential data-processing stages were 
proposed. A pre-processing algorithm for signal noise 
reduction and amplification of deeper targets was first 
developed, in order to enhance the visualisation of the 
reflection hyperbolas and to help operators and decision-
makers with the interpretation of enhanced GPR images. A 
multi-stage algorithm for the identification of tree roots and 
their sequential tracking in a 3-D domain was defined 
subsequently. A relationship for the estimation of tree root 
density was finally proposed. 
a) Pre-processing algorithm 
Main aim of this stage is to minimise clutter-related 
information in GPR data. Moreover, data analysis and 
interpretation are needed to extract quantifiable wave 
properties for conversion into application-specific 
information. To provide an expeditious and broad-ranging 
applicability of the proposed algorithm, only the main signal 
processing techniques were considered. This allows 
applicability of the algorithm to different types of data, 
minimising the risk of distorted information due to over-
processing of data. To this purpose, sequential use of a) zero-
offset removal, b) background removal, c) bandpass filtering 
and d) time-varying gain was carried out. 
b) Tree root tracking algorithm 
The methodology followed for the development of this 
stage of the algorithm is composed of two main steps.  
First, preliminary assumptions (i.e., data acquisition 
method and dielectric properties of the medium) and data 
input (i.e., outcomes of pre-processing algorithm, matrix 
dimensions, GPR data acquisition settings) were defined.  
Subsequently, data from the pre-processing stage are 
processed following an iterative processing method, based on 
the comparison between amplitude values at a given position 
of the 3-D domain and a given threshold. 
• Target detection: the algorithm compares the 
amplitude values all over the GPR data domain with a 
threshold value. This step is needed to identify the apices of 
reflection hyperbolae (i.e., apices of roots), filtering out 
amplitude values not likely related to tree roots. 
 
 
 
Fig. 2. Flow chart representing the functioning of the tree root tracking 
algorithm 
• Correlation analysis: other vertices are investigated in 
the neighbourhood of that identified at the previous step, to 
look for potential amplitude values greater than the threshold.  
• Tracking of the root: the algorithm follows the vertices 
of the hyperbolae, creating a vector that corresponds to a 
single root. 
• Reconstruction of root sistem architecture in the 3-D 
domain: vectors created at the previous step are positioned in 
a 3-D rendering of the tree root system, to provide a 
comprehensive visualisation of the root system. 
c) Root density estimation 
A dedicated index was provided to achieve information 
about density of roots at the interconnection area (e.g., local 
changes of density). First, best-fitting functions were used to 
better approximate root paths in the 3-D domain as well as to 
identify length of each root in a continuous domain. Hence, 
the domain was divided into reference volume units with 
dimensions of 0.3 m × 0.3 m × 0.3 m. Length of roots insisting 
on the reference volume was then evaluated as follows: 
݀ = ∑ ܮ௜
௡௜ୀଵ
ܸ  
where d is the density [m/m3], n is the number of roots 
contained in a reference unit of volume [m3] and Li is the 
length of the root [m]. 
IV. MAIN RESULTS AND SHORT DISCUSSION 
The application of the pre-processing algorithm to the raw 
data allowed to increase the signal-to-noise ratio and enhance 
target detections (i.e., hyperbolae). In addition, the in-depth 
position of the apices of the hyperbolae were located. Fig. 3 
shows a comparison between B-scans before (Fig. 3(a)) and 
after (Fig. 3(b)) the application of the dedicated signal 
processing algorithm. It can be noticed how the visualisation 
of deeper target has been enhanced by the application of signal 
processing techniques. 
Hence, the application of the multi-stage data processing 
methodology allowed to locate targets in the 3-D domain and 
to automatically track their development. Fig. 4 shows the 
results of the algorithm application to the maple tree area in a 
2-D plan view (Fig. 4(a)) and in a 3-D rendering (Fig. 4(b)). 
To aid with the result interpretation, roots located within the 
shallow (i.e. within the first 25 cm of soil) and deep (i.e. below 
25 cm of soil) subsurface are identified with different colours 
in the renderings. 
Results have proven potential of the algorithm in finding 
viable root paths, as well as in identifying relevant elements 
connected to one another according to the logic-based and 
signal-noise-based instructions.  
For sake of consistency, the coordinates of the points were 
double-checked with the positions of the hyperbola apices 
detected in the collected B-scans. 
The application of this methodology to both the tree root 
systems (i.e., maple and ash trees) allowed for a more 
comprehensive interpretation of the interaction between roots 
belonging to trees of different species as well as their 
development in the soil. Fig. 5(a) and Fig. 5(b) show an 
overview of the tree root systems under investigation and a  
 
(a) 
 
(b) 
Fig. 3. An example of B-scan before (a) and after (b) the application of the 
pre-processing algorithm. 
 
(a) 
 
(b) 
Fig. 4. Result of the application of the multi-stage data processing 
algorithm to the investigated maple tree in 2-D plan view (a) and in a 3-D 
rendering. 
 
 
 
 
detail of the interaction area between the investigated trees, 
respectively. 
In order to elaborate on the results, a density index was 
proposed. This allowed to examine changes in the density of 
roots within the soil. The domain was divided into reference 
units and the total root length per reference unit was 
investigated. Fig. 6 presents the output of this data processing 
stage in form of a proxy of a density map. 
In regard to the maple tree, the highest density value within 
the first 0.3 m of soil is 1.53 m/m3. The highest values, ranging 
from 1.3 m/m3 to 1.5 m/m3, are located in three main zones: x 
= -2 m ÷ -1.7 m, y = 3 m ÷ 3.3 m; x = 0.1 m ÷ 1 m, y = 2.1 m 
÷ 3.9 m; x = 2.2 m ÷ 3.4 m, y = 2.1 m ÷ 2.7 m. It can be noted 
that the root density decreases as the distance from the bark 
increases. In fact, the density value is 0 m/m3 within the zone 
located at x = 1.3 m ÷ 2.5 m, y = 4.8 m ÷ 7.8 m (i.e., at the 
boundary of the ash tree interaction area). On the contrary, the 
density of roots increases locally at the interaction area 
between the root systems of the two trees. Indeed, parameter 
d reaches a peak value of 2.99 m/m3  within the area located at 
x = 2.8 m ÷ 4 m, y = 3.9 m ÷ 7.8 m. 
V. CONCLUSIONS 
This study reports ground penetrating radar (GPR)’s 
potential in the assessment of tree roots. The main aim of the 
research was to provide effective and high-resolution mapping 
of tree root systems, as well as to investigate the interaction 
between root systems belonging to different species of trees. 
In this regard, an estimation of the density of roots at the 
interconnection area was carried out. 
 
(a) 
 
(b) 
Fig. 5. Overview of the investigated tree root systems (a) and detail of the 
investigated interaction area (b) (red roots: maple tree; blue roots: ash 
tree). 
 
Fig. 6. GPR-derived root density map (density values are normalised) 
To this purpose, the soil around two different tree species 
(i.e., maple and ash trees) was investigated using a GPR 
system equipped with a 700 MHz central frequency antenna  
A multi-stage signal processing scheme was proposed. A 
pre-processing algorithm for signal noise reduction and 
amplification of deeper targets was first developed to enhance 
visualisation of reflection hyperbolas as well as to help 
operators and decision-makers with the interpretation of 
enhanced GPR images. Hence, a multi-stage algorithm for 
location of tree roots and their sequential tracking in a 3-D 
domain was developed. To this effect, identification of 
shallow (i.e. within the first 25 cm from the soil surface) and 
deep (i.e. lower than 25 cm from the soil surface) root systems 
for both the tree species was also proven. A third main stage 
was focused on providing a relationship for estimation of tree 
root density. 
Results have proven viability of the proposed algorithm in 
mapping root systems of different tree species. The use of a 
700 MHz central frequency antenna has proven to be suitable 
in detecting main root features (i.e., position of root apices and 
root paths) as well as in identifying areas of roots 
interconnection.  
Shallow (i.e., within the first 25 cm from the soil surface) 
and deep (i.e., below 25 cm from the soil surface) root systems 
were also distinguished. It was also proven that density of 
roots increases locally at the interaction area between root 
systems of the two trees. 
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